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Positron emission tomography of cerebral
angiogenesis and TSPO expression in
a mouse model of chronic hypoxia
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Abstract

The present study aimed to examine whether positron emission tomography (PET) could evaluate cerebral angiogenesis.

Mice were housed in a hypoxic chamber with 8–9% oxygen for 4, 7, and 14 days, and the angiogenic responses were

evaluated with a radiotracer, 64Cu-cyclam-RAFT-c(-RGDfK-)4, which targeted aVb3 integrin and was imaged with PET.

The PET imaging results showed little uptake during all of the hypoxic periods. Immunofluorescence staining of the b3

integrin, CD61, revealed weak expression, while the microvessel density assessed by CD31 staining increased with the

hypoxic duration. These observations suggest that the increased vascular density originated from other types of vascular

remodeling, unlike angiogenic sprouting. We then searched for any signs of vascular remodeling that could be detected

using PET. PET imaging of 11C-PK11195, a marker of the 18-kDa translocator protein (TSPO), revealed a transient

increase at day 4 of hypoxia. Because the immunofluorescence of glial markers showed unchanged staining over the early

phase of hypoxia, the observed upregulation of TSPO expression probably originated from non-glial cells (e.g. vascular

cells). In conclusion, a transient increase in TSPO probe uptake was detected with PETat only the early phase of hypoxia,

which indicates an early sign of vascular remodeling induced by hypoxia.
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Introduction

Cerebrovascular remodeling is an important adaptive
response to cerebral hypoxia10,17,18,20 and ische-
mia.1,9,16 The response of the vasculature includes
increased expression of transcription factors (e.g. hyp-
oxia inducible factors) and growth factors (e.g. vascular
endothelial growth factor and angiopoietins),19,37 indi-
cating the involvement of cerebral angiogenesis in
vascular remodeling.5,10,21,23,32,40 Angiogenesis involves
the sprouting of new capillaries from pre-existing blood
vessels,5 whereas vascular remodeling is a broad
definition of vascular modifications consisting of vascu-
logenesis, angiogenesis, and the enlargement of pre-
existing vessels.31

We recently characterized the time-dependent
effects of chronic hypoxia on vascular remodeling by
repeatedly observing three-dimensional microvascular
structures in living mouse brains with two-photon

microscopy. Our results showed significant dilation of
the parenchymal capillaries at seven days after the
induction of chronic hypoxia,41 and there were new
capillary sprouts from existing vessels within 7–14
days of hypoxia.28 Other reports have shown that
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brain endothelial cell (BEC) proliferation, aVb1 integrin
expression by BECs, and the extracellular matrix fibro-
nectin expression reach maximal levels after four days
of hypoxia,23,29 and a5b1 and aVb3 integrin expression
is increased in cerebral ischemia.1,25

The communication between microglial cells and
angiogenic sprouts has been described in aortic ring
cultures, suggesting that microglia promote vascular
network formation.34 In cerebral hypoxia, endothelial
cell proliferation is followed by astrocyte activation.24

It has also been observed that, in the developing retina,
in vivo microglial cells stimulate angiogenesis.38

Furthermore, recent studies have pointed to the import-
ance of microglia in shaping the central nervous system
(CNS) vasculature during development, as well as in re-
shaping these vessels during pathological insults.2

Although both cerebrovascular remodeling and glial
activation have been investigated in detail, the relation-
ship between glial activation and cerebrovascular
remodeling, with details such as the temporal sequence,
has not been systematically investigated.

The aim of the present study was to examine whether
cerebral angiogenesis could be detected using positron
emission tomography (PET), which may enable the
direct imaging of angiogenesis with high sensitivity
and improved spatial coverage of the brain. To address
this aim, we used an established mouse model of cere-
bral angiogenesis induced by chronic hypoxia23 and
a recently developed peptide-based PET probe, 64Cu-
cyclam-RAFT-c(-RGDfK-)4 (64Cu-RAFT-RGD),13

which was used to target the aVb3 integrin. The aVb3
integrin is highly expressed on activated endothelial
cells during angiogenesis and is widely accepted as an
angiogenesis biomarker in tumor models.11,36 Next, we
used PET to search for any early signs of the vascular
remodeling induced by cerebral hypoxia. We selected
an 18 kDa translocator protein (TSPO) marker,
11C-PK11195, which is commonly used to evaluate
glial activation in hypoxic cerebral ischemia in preclin-
ical and clinical studies.

Materials and methods

Animals and hypoxia model

The mice used in this study were male C57BL/6 J (20–
30 g; Japan SLC Inc., Shizuoka, Japan) aged 8–12
weeks. We used a total of 52 mice for the following
experiments: 14, 22, 8, and 8 mice for the angiogenesis
PET, TSPO-PET, TSPO-autoradiography (ARG), and
immunofluorescent (IF) studies, respectively. For hyp-
oxic exposures, the animals were housed in a hypoxic
chamber in which the oxygen concentration was main-
tained at 8–9% (refer to Yoshihara et al.41). The hyp-
oxic periods were either control (D0) or 4 (D4), 7 (D7),

and 14 (D14) days of hypoxia. For those PET studies,
each animal experiment was terminated at a single hyp-
oxic time-point. This was due to an institutional regu-
lation that prevented animals administered with the
64Cu tracer from returning to the hypoxic chamber.
In addition, multiple 90min dynamic scans with
11C-PK11195 likely produced substantial stress for the
animals. The numbers of animals used for the angio-
genesis PET studies were 3, 2(2), 5, and 4 for D0, D4,
D7, and D14, respectively, and for the TSPO PET stu-
dies, they were 7, 4, 7(2), and 4(1) for D0, D4, D7, and
D14, respectively. Of these animals, the numbers in the
parenthesis indicated the number of animals that were
not used due to an accidental death of the animals
during PET scans. Animal use and the experimental
protocols were approved by the Institutional Animal
Ethics Committee of the National Institute of
Radiological Sciences, and all experimental procedures
were in accordance with the guidelines set by the insti-
tute for the humane care and use of laboratory animals
in compliance with ARRIVE guidelines.

PET studies to evaluate angiogenesis

To evaluate the anatomical distribution of angiogen-
esis, we used PET and a specific radiotracer for aVb3
integrin, 64Cu-RAFT-RGD, that was synthesized in
our institute.13 We chose this tracer because of (1) the
availability of 64Cu-RAFT-RGD, which was developed
by our group,13 (2) a high specificity for the aVb3 and
high biostability,15 and (3) the establishment of this
tracer in detecting angiogenesis in tumors13 and in
myocardial infarction models with its 99mTc-labeled
radio-analog.8 Additionally, it was shown that 64Cu-
RAFT-RDG did not have to be permeable through
the blood–brain barrier because this ligand binds with
integrins of the vascular endothelial cells.14

PET was performed using an INVEON (Siemens,
Knoxville, USA) with a static scan from 180 to
210min after the injection of the tracer. Within this
time period, the tracer 64Cu-RAFT-RGD was shown
to be stable in the blood of living mice.14,15 The dose
and volume of the injected tracer were 26.4� 9.0 MBq
and 100–150 mL, respectively. The radioactivity was
corrected for a physical decay of 64Cu (half-time
12.7 h) from the time of tracer injection. Because the
brain signal was very low, the average standardized
uptake value (SUV) of the entire brain was calculated
instead of relying on the regional SUV.

After angiogenesis PET scanning, a total of five mice
(2, 2, and 1 animals for D0, D7, and D14, respectively)
were decapitated to further obtain ex vivo ARG. The
brains were rapidly removed from the skulls and frozen
in powdered dry ice. Frozen brain samples were sliced
to 20-mm thickness using a cryostat (HM560, Zeiss,
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Germany). The brain sections were mounted on glass
slides (Matsunami Glass, Osaka, Japan) and set on an
imaging plate (BAS IP SR 2025E, GE Healthcare).
These slices were exposed to air for 24 h and scanned
with a BAS-5000 (Fuji Film Co. Ltd). ARG images
were analyzed with multi gauge software (Fuji Film
Co. Ltd).

PET studies to evaluate TSPO expression

To evaluate TSPO expression, we used a PET scanner
(FOCUS 220, Siemens Medical Solutions, Malvern,
PA, USA) and a TSPO marker (11C-PK11195 synthe-
sized in our institute). Mice were anesthetized with
isoflurane (3–4% for induction and 1.2–1.5% for
maintenance) and a 32-gauge needle (Terumo, Tokyo,
Japan) connected to a polyethylene catheter (SP10,
Natsume Seisakusho Co. Ltd, Tokyo, Japan) was
inserted into the tail vein for tracer injection before
PET scanning. A 90-min list-mode PET scan was
started upon injection of the tracer into the tail vein.
The dose and volume of the injected tracers were
36.7� 4.9MBq and 100–150mL, respectively. The
body temperature was maintained at 37�C using a heat-
ing pad during scanning.

List-mode data were sorted and Fourier-rebinned
into two-dimensional sinograms (4 one-min, 8 two-
min and 14 five-min; a total of 26 frames for 90min).
Then, the images were reconstructed using a two-
dimensional filtered back projection with a 0.5-mm
Hanning filter. The radioactivity was corrected for the
physical decay of 11C (half-life of 20.4min). Dynamic
PET images were fused to our custom MRI (T2WI)
template for the C57BL/6 J strain using PMOD (v3.2,
PMOD Technologies, Switzerland), then applied using
the common three-dimensional volumes of interest
(VOIs) for cortices (ctx), striatums (str), thalami (thl),
hippocampi (hpc), and cerebellums (cbl). The time-
activity curve (TAC) was obtained for each VOI.
Data tainted by head motion during scanning were
omitted from the analysis. Because of a lack of a refer-
ence area for analyzing this tracer, kinetic analysis was
not performed. Instead, the average SUV was calcu-
lated for the periods between 30 and 60min.

To confirm whether a change in the SUV was indi-
cative of a specific binding in 11C-PK11195-PET, an
in vitro ARG of 11C-PK11195 was performed in the
different sets of the animals (N¼ 8; 2 for each of the
D0, D4, D7, and D14 groups). A pair of adjacent fresh-
frozen brain slices containing the thalamus and hippo-
campus from each hypoxic period group (D0, D4,
D7 and D14) were selected. Two incubation buffers
with 2nM of 11C-PK11195 in a 50mM Tris-HCl buffer
(pH¼ 7.4) were prepared: one with non-radioactive
PK11195 (10mM) for blocking and the other without

non-radioactive PK11195. A pair of the adjustment
brain sections was incubated in each buffer at room
temperature for 60min. After incubation with
11C-PK11195, the sections were immersed twice in ice-
cold Tris-HCl buffer for 2min; then, they were rinsed
with ice-cold distilled water for 10 s and air-dried. The
sections were then mounted onto an imaging plate
(BAS IP SR 2025E, GE Healthcare), exposed for
60min and scanned with a BAS5000 system (Fuji
Film Co. Ltd). The ARG images were analyzed with
multi gauge software (Fuji Film Co. Ltd). Two sets of
11C-PK11195 ARG images were obtained, i.e. (a) with-
out cold PK11195 blocking and (b) with cold blocking.
The specific binding of 11C-PK11195 was obtained by
subtracting (b) from (a).

Immunofluorescence studies

The animals (N¼ 8; 2 each for the D0, D4, D7, and
D14 groups) for IF studies were anesthetized with an
intraperitoneal injection of pentobarbital (50mg/kg),
perfused transcardially with normal saline, and sacri-
ficed. Their brain tissues were then removed, frozen in
dry ice, sliced into coronal sections (20mm thick), and
maintained at �80�C until use.

The microvessels and angiogenesis were evaluated
based on our published protocols.14 In brief, the sec-
tions were air-dried overnight at room temperature
(RT) and fixed in acetone at 4�C for 20min. The sec-
tions were then doubly stained with a rat anti-mouse
CD31 monoclonal antibody (1:1500 dilution; BD
Biosciences, Bedford, MA) to evaluate the vascular
endothelium and an Armenian hamster anti-mouse
CD61 antibody (1:50 dilution; BD Biosciences) to
evaluate the integrin b3 chain, which were visualized
using secondary antibodies of Alexa Fluor 594-conju-
gated goat anti-rat antibody (1:200 dilution; Invitrogen,
Camarillo, CA) and Alexa Fluor 488-conjugated goat
anti-Armenian hamster antibody (1:100 dilution;
Jackson ImmunoResearch, West Grove, PA). IF
images of the CD31 and the CD61 staining were sep-
arately acquired using a fluorescence microscope
system (BIOREVO BZ-9000, Keyence Corp, Tokyo).
CD31 images were analyzed using ImageJ (NIH,
USA) to evaluate the microvessel density (microves-
sels/mm2).

To identify a possible origin of TSPO expression, the
sections were fixed in 4% paraformaldehyde (4PHA)
overnight at 4�C and incubated with the TNB solution
(0.1M Tris-HCl (pH 7.5), 0.1M NaCl, and 0.5%
blocking reagent (FP1020, ParkinElmer, Inc.,
Waltham, MA, USA)) at RT for 1 h for non-specific
blocking. The sections were then reacted overnight at
4�C with primary antibodies, which was followed by
incubation with the fluorescent-probe-conjugated
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secondary antibodies at RT for 60min. The primary
antibodies were rabbit polyclonal antibody against
ionized calcium binding adapter molecule-1 (Iba1;
diluted 1:500; Wako Pure Chemicals, Tokyo, Japan)
as the microglial marker and a rat monoclonal anti-
body against glial fibrillary acidic protein (GFAP;
diluted 1:200) (2.2B10; Zymed/Invitrogen) as the astro-
cyte marker. IF images were analyzed using ImageJ.

Statistical analysis

The statistical significance of PET SUV data with 64Cu-
RAFT-RDG and 11C-PK11195 was analyzed based on
ANOVA. The correlation between PET and in vitro
ARG of 11C-PK11195 was analyzed using region of
interest (ROI) based data because of the different
image modalities. The ROIs were selected in the bilat-
eral cortices and thalami in both the PET and ARG at
D0, D4, D7 and D14, and the obtained values of the
left and right ROIs were averaged. Pearson’s correl-
ation coefficient was then calculated.

Results

Angiogenesis evaluation

PET scanning of the integrin aVb3 marker 64Cu-RAFT-
RGD resulted in very little brain signal at 3 h after
intravenous injection (Figure 1). The SUVs at D0,

D7, and D14 were negligibly low (SUV� 0.001)
(Figure 2), excluding D4 because the animal died
before PET scanning due to accidental hyperthermia
caused by strong light irradiation during 2.5 hours of
pre-scanning waiting time. In addition, ex vivo ARG
revealed negligible radioactivity in the brain tissue
areas with the exception of the CSF area, where the
tracer leaked through the CSF-brain barrier during
the early stage following the injection, or the tracer
was absorbed into the choroid plexus (Supplementary
Figure 1).

Figure 1. PET image (top) of 64Cu-RAFT-RGD co-registered with a custom MRI (T2WI) template using PMOD (bottom). Each

image set includes a coronal (left), sagittal (middle) and axial (right) section. PETwas performed for a D7 hypoxia mouse with 30 min of

scanning at 3 h after tracer injection.

Figure 2. Whole brain-averaged standardized uptake value

(SUV) at 3 h after intravenous injection of 64Cu-RAFT-RGD for

the D0, D7 and D14 hypoxia periods. The low SUV suggests

there was negligible binding of aVb3 integrin in the brain tissue.
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In the IF study, CD61 staining, which reacts with
the integrin b3 chain that is associated with the
integrin aV chain, exhibited weak co-staining with
CD31 staining of the endothelium (Supplementary
Figure 2). Thus, CD61 staining supported that there
was little uptake of the aVb3 marker in the PET
and ARG imaging experiments. On the other hand,

the endothelium density, as determined by the
CD31 staining density, increased in parallel with
the hypoxic duration (Figure 3(a)). The area of
the CD31 staining density showed a higher vascu-
lar density in the D7 and D14 hypoxic periods
compared to the D0 and D4 periods (p> 0.05;
Figure 3(b)).

Figure 3. (a) Immunofluorescence (IF) of CD31 staining of the cortex (ctx), hippocampus (hpc) and midbrain (mid) observed in mice

after D0, D4, D7, and D14 hypoxic periods. The signals corresponded to the endothelial density and increased with longer hypoxic

periods. (b) The endothelium density evaluated based on the CD31 staining of the average of the three brain regions. The density was

gradually increased from the D0 to D7 hypoxic periods (p> 0.05).
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TSPO expression

The 11C-PK11195 uptake distribution was almost uni-
form across all evaluated brain regions, with the excep-
tion of the slightly higher expression in the cerebellum
compared to the other regions (Figure 4(a) and (b)).
This increased expression was probably due to the
lower partial volume effects than in the other regions.
The regional SUVs were averaged for each hypoxic
period (Figure 5). The SUV of D4 was significantly
higher (p< 0.05), by approximately 40–50%, than
those of D0, D7, and D14 (Figure 5, Supplementary
Table 1).

In the in vitro ARG, a slice image without blocking
(Figure 6(a)) exhibited higher radioactivity than a slice
image with blocking using cold PK11195 (Figure 6(b)).
The subtraction of these, (a) minus (b), corresponding
to the specific binding of 11C-PK11195, demonstrated
the highest uptake in D4 compared to the other hypoxic
periods (p< 0.05, Figure 7). The difference between D0
and D4 was larger in the in vitro ARG (Figure 7) than
in PET (Figure 5). This increase may have been
observed because in vitro ARG corresponds to specific
binding, while the PET SUV was measured uniformly
for a mix of non-specific and specific binding.
Further analysis of ROI-based correlation between
in vivo PET-SUV and in vitro ARG showed a significant
positive correlation between the PET and ARG data
(r¼ 0.892, p< 0.01; Supplementary Table 2,
Supplementary Figure 3).

In IF, Iba1 staining, corresponding to the microglia,
did not show any intensity changes throughout
the hypoxic periods, D0, D4, D7, and D14 (NS)
(Supplementary Figure 4). Additionally, GFAP staining,
corresponding to the astrocytes, did not reveal any spe-
cific intensity changes throughout the hypoxic periods
examined (NS) (Supplementary Figure 5). Both Iba1
and GFAP staining along hypoxic periods resulted in
no correlation with time points of PK11195 ARG.
However, enhanced IF of TSPO using 4PFA fixed
slices of D0 and D4 revealed significant staining at the
endothelium with much stronger staining in D4 than D0
(Supplementary Figure 6).

Discussion

It has been reported that chronic hypoxia, used as part
of the pre-clinical model of cerebral ischemia, induces
the vascular dilation of parenchymal capillaries and
veins,10 increases the density of parenchymal capil-
laries,20 and sprouts new capillaries in the cortex.28

Consistent with previous reports, the parenchymal
capillary density was observed to increase according
to the duration of the chronic hypoxia (Figure 3(b)).
However, our PET results with 64Cu-RAFT-RGD, a
recently established tracer for aVb3 integrin in

tumors,14 failed to show clear uptake in the hypoxic
periods up to 14 days (D14) (Figures 1 and 2). The
PET results were consistent with the ex vivo ARG
results (Supplementary Figure 1). Furthermore, the
PET and ARG results were supported by the IF
study with a marker of integrin b3, i.e. CD61 staining
(Supplementary Figure 2), which showed weak co-
staining with endothelial marker, CD31. These results
strongly indicate that the aVb3 integrin expression
induced by cerebral hypoxia was too low to be detected
as PET uptake.

The findings partly agreed with our direct in vivo
observations using repeated long term two-photon
microscopy for capillary sprouts induced by chronic
hypoxia.27,28 In those studies, the formation of new
capillary sprouts in the mouse cerebral cortex was
found to be as low as 15 vessels per mm3 during 7–14
days of hypoxia. In contrast, the 64Cu-RAFT-RGD
uptake and CD61 staining were clearly demonstrated
in the tumor model in which the present angiogenesis
probe was established.14 A possible interpretation of
the differences in the detection of angiogenesis between
the current cerebral hypoxia models and the previous
tumor models using PET might be due to a different
occurrence of angiogenesis itself or caused by differ-
ent tracer permeability to the angiogenic endothelial
cells in those models. This should be clarified in
future works.

Another possibility could be due to a different degree
or role of the integrin subunits stimulated during the
vascular remodeling depending on experimental models
used. The literature has shown the increased expression
of the integrins, e.g. a5b1, aVb3, and a6b4 in chronic
hypoxia,23,24,26,29 a5b1 and aVb3 in ischemia,1,25 and
aVb3, aVb5 and aVb6 in tumors.4 Those changes could
affect the detectability of the angiogenesis PET imaging
in different experimental models (i.e. hypoxia vs.
tumors). Comparison with other types of the ligand,
e.g. DOTA-VEGF121, which targets VEGF expression
for angiogenesis and shows an increased level of expres-
sion in brain stroke mouse models,6 will be future
topics.

On the other hand, the CD31 staining area increased
with the hypoxic periods (Figure 3), indicating an
increase in the endothelial density. According to the
CD61 staining, the increased CD31 staining results
from morphological changes in the endothelium
rather than from proliferation. Therefore, when ima-
ging cerebral angiogenesis, it is important to use a
proper biomarker that allows for the separation of pro-
liferative angiogenesis from other types of vascular
remodeling. This caution of the need to specifically
detect the angiogenesis is also applicable to other
experimental models, such as those for cerebral ische-
mia and/or brain tumors.
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Figure 4. (a) Typical PET images of 11C-PK11195 captured from a mouse exposed to 14 days of hypoxia. Sagittal (left) and axial

(right) sections are shown. Custom MRI template (top), co-registered PET (middle) and fused images analyzed by PMOD are shown.

(b) Standardized uptake value (SUV) obtained for the D0, D4, D7, and D14 hypoxic durations at each volume of interest (VOI), which

was predefined on an MRI template of the cortices (ctx), striatums (str), thalami (thl), hippocampi (hpc) and cerebellums (cbl). The

tracer uptake was nearly uniform over the brain with the exception of the cerebellum.
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Alternatively, we searched for any early signs of the
vascular remodeling allowed for PET imaging and
found that the SUV of 11C-PK11195 transiently
increased on D4 and shortly returned to control levels
on D7 and D14 (Figure 5). This result suggests that
TSPO expression increased in the early phase of chronic
hypoxia that preceded vascular remodeling. Although
the biological mechanism for triggering the increase in
TSPO expression during hypoxia remains unclear, there
are several possibilities for the upregulation of TSPO
expression.3 It was originally shown that the 11C-
PK11195 PET signal represents microglial activation.30

An increased level of the activated microglia is well

documented in a brain ischemia model,39 while an
increase in the TSPO signal in the ischemic brain has
been consistently demonstrated using 3H-PK11195 for
ARG30 and 11C-PK11195 for PET.35 In contrast to these
reports, other studies have suggested a potential contri-
bution of astrocytes,22 but it was recently shown that
astrocytes contribute very little to the in vivo TSPO-
PET signal compared to microglial activation in an
acute ischemic model.12 It should be noted that TSPO
expression is not always associated with the progression
of lesions, but with tissue remodeling and repairing
instead,7 which could include non-negligible constitutive
components of the vascular TSPO as well.33

Figure 6. An in vitro autoradiography (ARG) of 11C-PK11195 incubated with samples that were (B) and were not (A) blocked with

cold PK11195. These ARGs were made from adjacent sections of the mouse coronal slice at D4. Because the radioactivity density of

the non-blocked sample (A) included specific plus non-specific binding and that of the blocked sample (B) only included non-specific

binding, the result of (A) minus (B) corresponds to the density of the specific binding with 11C-PK11195.

Figure 7. Specific binding obtained from the subtraction of the

in vitro 11C-PK11195 ARG as described in the legend of Figure 6.

The graph (arbitrary unit) for each hypoxic period represents the

mean of two mice evaluated for each hypoxic period. The D4

hypoxic period had the highest specific binding compared to the

other hypoxic periods (p< 0.05). Note that the specific binding

was higher than for the PET SUV values (see Figure 5), which

included specific plus non-specific binding.

Figure 5. Standardized uptake value (SUV) of 11C-PK11195

over the entire brain averaged over all VOIs shown in Figure 4(b).

Each bar represents the average for each hypoxic period. The

number of mice used is shown on each bar. Of all hypoxic per-

iods, D4 had the highest SUV, which was 1.4-fold higher than the

control (D0) (p< 0.05), and D7 and D14 decreased to the D0

level.
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In the present study, IF studies showed undetectable
changes in the Iba1 and GFAP staining over the early
phase of hypoxic exposures, and the quantitative evalu-
ation confirmed that there were no significant differ-
ences in the areas of the cells positively stained for
either Iba1 or GFAP (Supplementary Figures 4 and
5, respectively). These results indicate that the transient
increases in TSPO expression on D4 may not originate
from the activation of microglia or astrocytes. As
shown in Supplementary Figure 6, our preliminary
experiments confirmed that the distribution of TSPO
was confined in the vessels and that the vascular
TSPO signal was significantly stronger in D4 than D0
(Supplementary Figure 6). The finding is in good agree-
ment with the relationship observed in the TSPO-PET
for PK11195 uptake on D4 and D0. Those studies sug-
gest that the early increase in TSPO expression
observed at D4 during chronic hypoxia originates
from the increased expression level of vascular TSPO.

Conclusion

We evaluated whether PET can be used to directly
image cerebral angiogenesis using a newly established
radiotracer for aVb3 integrin. Unexpectedly, the PET
imaging of chronic hypoxia in a mouse model demon-
strated too little probe uptake despite the marked
increase in endothelial density. Instead, PET imaging
demonstrated a transient increase in the TSPO probe
uptake in the early phase of hypoxia, which could be an
early sign of subsequent vascular remodeling.

Funding

The study was partly supported by MEXT Kakenhi 24659578

and JSPS Kakenhi JP16K01944.

Acknowledgements

We thank Drs. Haruki Toriumi and Taeko Ebine,
Department of Neurology at Keio University School of

Medicine, and Drs. Maiko Ono and Bin Ji, Molecular
Neuroimaging Program at National Institute of
Radiological Sciences, for valuable support with the inter-
pretation of the IF staining. We also thank Drs. Katsushi

Kumata and Ming-Rong Zhang for supplying the PET
radioligands.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Authors’ contributions

IK, CS, HT, and KM designed and performed the experi-
ments. IK, CS, and ZHJ analyzed and interpreted the data.
IK, CS, ZHJ, and KM wrote, reviewed and edited the

manuscript. CS, ZHJ, DB, and PD interpreted the data.

TF, TS, and HI supervised the study.

Supplementary material

Supplementary material for this paper can be found at http://
jcbfm.sagepub.com/doi/suppl/10.1177/0271678X16689800

References

1. Abumiya T, Lucero J, Heo JH, et al. Activated micro-

vessels express vascular endothelial growth factor and

integrin aVb3 during focal cerebral ischemia. J Cereb

Blood Flow Metab 1999; 19: 1038–1050.
2. Arnold T and Betsholtz C. The importance of microglia

in the development of the vasculature in the central ner-

vous system. Vasc Cell 2013; 5: 4.
3. Batarseh A and Papadopoulos V. Regulation of translo-

cator protein 18 kDa (TSPO) expression in health and

disease states. Mol Cell Endocrinol 2010; 327: 1–12.
4. Berghoff AS, Kovanda AK, Melchardt T, et al. avb3,

avb5 and avb6 integrins in brain metastases of lung

cancer. Clin Exp Metastasis 2014; 31: 841–851.
5. Boroujerdi A, Welser-Alves JV, Tigges U, et al. Chronic

cerebral hypoxia promotes arteriogenic remodeling

events that can be identified by reduced endoglin

(CD105) expression and a switch in b1 integrins.

J Cereb Blood Flow Metab 2012; 32: 1820–1830.
6. Cai W, Guzman R, Hsu AR, et al. Positron emission

tomography imaging of poststroke angiogenesis. Stroke

2009; 40: 270–277.
7. Chen MK and Guilarte TR. Translocator protein 18 kDa

(TSPO): Molecular sensor of brain injury and repair.

Pharmacol Ther 2008; 118: 1–17.
8. Dimastromatteo J, Riou LM, Ahmadi M, et al. In vivo

molecular imaging of myocardial angiogenesis using

the alpha(v)beta3 integrin-targeted tracer 99mTc-

RAFT-RGD. J Nucl Cardiol 2010; 17: 435–443.
9. Fumagalli S, Perego C, Pischiutta F, et al. The ischemic

environment drives microglia and macrophage function.

Front Neurol 2015; 6: 81.
10. Harik SI, Hritz MA and LaManna JC. Hypoxia-induced

brain angiogenesis in the adult rat. J Physiol 1995;

485(Pt 2): 525–530.
11. Haubner R. Alphavbeta3-integrin imaging: A new

approach to characterize angiogenesis? Eur J Nucl Med

Mol Imaging 2006; July(33 Suppl 1): 54–63.
12. Hughes JL, Jones PS, Beech JS, et al. A microPET study

of the regional distribution of [11C]-PK11195 binding

following temporary focal cerebral ischemia in the rat.

Correlation with post mortem mapping of microglia acti-

vation. Neuroimage 2012; 59: 2007–2016.
13. Jin ZH, Furukawa T, Galibert M, et al. Noninvasive

visualization and quantification of tumor aVb3 integrin

expression using a novel positron emission tomography

probe, 64Cu-cyclam-RAFT-c(-RGDfK-)4. Nucl Med Biol

2011; 38: 529–540.
14. Jin ZH, Furukawa T, Claron M, et al. Positron emission

tomography imaging of tumor angiogenesis and monitor-

ing of antiangiogenic efficacy using the novel tetrameric

Kanno et al. 695

http://jcbfm.sagepub.com/doi/suppl/10.1177/0271678X16689800
http://jcbfm.sagepub.com/doi/suppl/10.1177/0271678X16689800


peptide probe 64Cu-cyclam-RAFT-c(-RGDfK-)4.
Angiogenesis 2012; 15: 569–580.

15. Jin ZH, Furukawa T, Sogawa C, et al. PET imaging and

biodistribution analysis of the effects of succinylated gel-
atin combined with L-lysine on renal uptake and reten-
tion of 64Cu-cyclam-RAFT-c(-RGDfK-)4 in vivo. Eur J
Pharm Biopharm 2014; 86: 478–486.

16. Krupinski J, Kaluza J, Kumar P, et al. Role of angiogen-
esis in patients with cerebral ischemic stroke. Stroke 1994;
25: 1794–1798.

17. LaManna JC, Vendel LM and Farrell RM. Brain adap-
tation to chronic hypobaric hypoxia in rats. J Appl
Physiol 1992; 72: 2238–2243.

18. LaManna JC and Harik SI. Brain metabolic and vascular
adaptations to hypoxia in the rat. Review and update.
Adv Exp Med Biol 1997; 428: 163–167.

19. LaManna JC, Kuo NT and Lust WD. Hypoxia-induced
brain angiogenesis. Signals and consequences. Adv Exp
Med Biol 1998; 454: 287–293.

20. LaManna JC, Chavez JC and Pichiule P. Structural and

functional adaptation to hypoxia in the rat brain. J Exp
Biol 2004; 207(Pt 18): 3163–3169.

21. LaManna JC. Angioplasticity and cerebrovascular

remodeling. Adv Exp Med Biol 2012; 737: 13–17.
22. Lavisse S, Guillermier M, Hérard AS, et al. Reactive

astrocytes overexpress TSPO and are detected by TSPO

positron emission tomography imaging. J Neurosci 2012;
32: 10809–10818.

23. Li L, Welser JV and Milner R. Absence of the alpha v
beta 3 integrin dictates the time-course of angiogenesis in

the hypoxic central nervous system: Accelerated endothe-
lial proliferation correlates with compensatory increases
in alpha 5 beta 1 integrin expression. J Cereb Blood Flow

Metab 2010a; 30: 1031–1043.
24. Li L, Welser JV, Dore-Duffy P, et al. In the hypoxic

central nervous system, endothelial cell proliferation is

followed by astrocyte activation, proliferation, and
increased expression of the alpha 6 beta 4 integrin and
dystroglycan. Glia 2010b; 58: 1157–1167.

25. Li L, Liu F, Welser-Alves JV, et al. Upregulation of
fibronectin and the a5b1 and avb3 integrins on blood
vessels within the cerebral ischemic penumbra. Exp
Neurol 2012a Jan; 233: 283–291.

26. Li L, Welser-Alves J, van der Flier A, et al. An angiogenic
role for the a5b1 integrin in promoting endothelial cell
proliferation during cerebral hypoxia. Exp Neurol 2012b;

237: 46–54.
27. Masamoto K, Takuwa H, Tomita Y, et al. Hypoxia-

induced cerebral angiogenesis in mouse cortex with two-

photon microscopy. Adv Exp Med Biol 2013; 789: 15–20.

28. Masamoto K, Takuwa H, Seki C, et al. Microvascular

sprouting, extension, and creation of new capillary con-

nections with adaptation of the neighboring astrocytes in

adult mouse cortex under chronic hypoxia. J Cereb Blood

Flow Metab 2014; 34: 325–331.

29. Milner R, Hung S, Erokwu B, et al. Increased expression

of fibronectin and the alpha 5 beta 1 integrin in angio-

genic cerebral blood vessels of mice subject to hypobaric

hypoxia. Mol Cell Neurosci 2008; 38: 43–52.
30. Myers R, Manjil LG, Cullen BM, et al. Macrophage and

astrocyte populations in relation to [3H]PK-11195 bind-

ing in rat cerebral cortex following a local ischaemic

lesion. J Cereb Blood Flow Metab 1991; 11: 314–322.

31. Persson AB and Buschmann IR. Vascular growth in

health and disease. Front Mol Neurosci 2011; 4: 14.

32. Pichiule P and LaManna JC. Angiopoietin-2 and rat

brain capillary remodeling during adaptation and dead-

aptation to prolonged mild hypoxia. J Appl Physiol 2002;

93: 1131–1139.
33. Rizzo G, Veronese M, Tonietto M, et al. Kinetic model-

ing without accounting for the vascular component

impairs the quantification of [(11)C]PBR28 brain PET

data. J Cereb Blood Flow Metab 2014; 34(6): 1060–1069.
34. Rymo SF, Gerhardt H, Wolfhagen Sand F, et al.

A two-way communication between microglial cells and

angiogenic sprouts regulates angiogenesis in aortic ring

cultures. PLoS One 2011; 6: e15846.

35. Sette G, Baron JC, Young AR, et al. In vivo mapping of

brain benzodiazepine receptor changes by positron emis-

sion tomography after focal ischemia in the anesthetized

baboon. Stroke 1993; 24: 2046–2057.
36. Strömblad S and Cheresh DA. Integrins, angiogenesis

and vascular cell survival. Chem Biol 1996; 3: 881–885.
37. Sun X, Tsipis CP, Benderro GF, et al. Defining the role

of HIF and its downstream mediators in hypoxic-induced

cerebral angiogenesis. Methods Mol Biol 2014; 1135:

251–260.

38. Tremblay S, Miloudi K, Chaychi S, et al. Systemic

inflammation perturbs developmental retinal angiogen-

esis and neuroretinal function. Invest Ophthalmol Vis

Sci 2013; 54: 8125–8139.
39. Weinstein JR, Koerner IP and Möller T. Microglia in
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